ABSTRACT: Ab initio electronic structure calculations on a rather geometrically constrained doubly positivley charged parent peptide ion are combined with experimental data from others on three similar ions to refine understanding of the mechanistic steps in the Utah−Washington model of electroncapture and electron-transfer dissociation. The primary new findings are that (i) the electron need not first attach to a Rydberg orbital and subsequently be extracted by an SS σ* or amide π* orbital (rather, it can be guided directly into the SS σ* or amide π* orbital by the Rydberg orbital) and (ii) Coulomb and dipole potentials within the parent ion alter both the electron binding strengths and radial ranges of Rydberg orbitals located on the positively charged sites, which, in turn, alters the ranges over which the electron can be guided. These same potentials, when evaluated at disulfide or backbone amide sites, determine which disulfide σ* and amide π* orbitals are and are not susceptible to electron attachment leading to SS and N−C α bond cleavage. Additional experiments on the same parent ions discussed here are proposed to further test and refine the UW model.
INTRODUCTION
In electron-transfer dissociation 1−5 (ETD) mass spectrometry, an electron from an anion donor is transferred to a multiply positively charged gas-phase peptide. In electron-capture dissociation 6−9 (ECD), it is a free electron having low kinetic energy that attaches to the peptide. ECD and ETD are relatively new yet extremely promising analytical techniques that have been found to generate significantly higher backbone cleavage fractions than collisional or infrared activation techniques, while doing so with great specificity (i.e., in peptides, primarily N−C α and S−S bonds are cleaved). Why these bonds cleave and why they do throughout such a large fraction of the backbone has been the focus of much of our theoretical work in this area. 10 The central issues in these studies have been 1. identifying where in the peptide (and into what kind of orbital and with what cross-section) the excess electron is initially bound, 2. characterizing to where, over what distances, and at what rates the electron may subsequently migrate within the peptide, and 3. understanding how the excess electron's presence causes specific bonds (e.g., backbone N−C α bonds are found to preferentially break) to be cleaved and with what relative probabilities.
A. Review of the Utah−Washington Mechanism. As a result of our earlier studies and those of the Turecek and others, 11−39 a mechanistic picture referred to as the Utah− Washington (UW) mechanism has evolved within which it is the attachment of an electron to a backbone amide π* or disulfide σ* orbital that causes N−C α or SS bond cleavage. Many aspects of the UW mechanism and comparisons with alternative mechanistic proposals have recently been comprehensively reviewed 40 by Turecek and Julian, so only the most essential points will be summarized here.
Because electron attachment to amide π* or disulfide σ* orbitals in the absence of stabilizing influences (e.g., solvation or intramolecular electrostatic potentials) is ca. 2.0 or 1.0 eV endothermic, 41 respectively, not all such orbitals are amenable to electron attachment. Those that are amenable are determined by the local intramolecular electrostatic potentials stabilizing the orbitals (if the potential is not strong enough, electron attachment cannot occur) arising largely from Coulomb potentials of the positively charged sites and dipole potentials created by polar functional groups within the peptide. So, within the UW model, for ECD, only amide π* or disulfide σ* orbitals along the peptide backbone that experience Coulomb and dipole stabilization exceeding 2.0 or 1.0 eV, respectively, can attach an electron. In ETD, the stabilization must be even larger; it must exceed the electron binding energy of the anion donor by 2.0 or 1.0 eV.
Another component of the UW model deals with how the ECD or ETD electron gets to the amide π* or disulfide σ* orbital. The most frequently discussed two-step version of the model posits that Rydberg orbitals located on the peptide's positively charged sites act as antennas to which the ECD or ETD electron initially attaches. The electron subsequently transfers from such a Rydberg orbital into an amenable amide π* or disulfide σ* orbital over distances related to the radial size of that Rydberg orbital. Within this version of the UW model, the amide π* or disulfide σ* orbital's stabilization must be larger than 2.0 or 1.0 eV, respectively, because extra energy is required to extract the electron from the Rydberg orbital. That is, the stabilization must exceed 2.0 or 1.0 eV plus the electron binding energy of the Rydberg orbital.
An alternative to two-step Rydberg electron attachment followed by electron extraction has also been suggested as a modification to the UW model. In the alternative 42 one-step variant, Rydberg orbitals on a positive site act to shuttle or guide (through orbital overlap) the ECD or ETD electron into the amide π* or disulfide σ* orbital, but the electron does not become bound to the Rydberg orbital. As a result, the Coulomb and dipole stabilization at the amide π* or disulfide σ* orbital does not have to overcome the electron binding energy of the Rydberg orbital, whereas in the two-step model it does. The one-step variant of the UW model was explored after Turecek and others 43, 44 suggested that dipole potentials within parent ions can act to guide electrons to sites near the positive regions of the dipole. In the present paper, experimental data are used to argue against the two-step version of the UW mechanism and in favor of the one-step alternative.
Once the electron enters an SS σ* orbital, cleavage of the associated disulfide bond is prompt because the σ 2 σ* 1 anionic electronic state is repulsive. If the electron enters an amide π* orbital, cleavage of the associated N−C α bond can occur by surmounting a barrier that is much smaller than the barrier needed to homolytically cleave this N−C α bond in the absence of the excess electron. The route by which such N−C α cleavage is thought to occur once the electron enters the amide π* orbital is shown in Scheme 1.
After the electron attaches to the amide π* orbital, the N C α bond is weakened because cleaving it allows a new CN π bond to form; this is why the barrier to cleavage is reduced.
There are two possible pathways outlined in Scheme 1. In one, the − OCNH anion is formed first and then abstracts a proton to form either the enol-imine (bottom left in Scheme 1) or the more stable amide (bottom right). The proton can be abstracted either from the N-terminal or C-terminal direction (likely from the most proximal site of low proton affinity). Alternatively, it is possible that the proton is abstracted prior to cleavage of the NC α bond, in which case formation of the enol-imine would be favored. Experimental infrared spectroscopic evidence 34 suggested that the amide is formed once the reaction has proceeded to completion, but this is not conclusive proof that the proton is transferred after NC α bond cleavage because the enol-imine, if formed first, could subsequently rearrange to the thermodynamically more stable amide. In fact, a recent experimental and theoretical study 45 of (GLGGK  +2H) 2+ doubly charged peptides concluded that, once the − OCNH unit is formed, proton transfer from a nearby protonated site occurs with a lower energy barrier than for N C α bond cleavage, thus favoring the pathway in which NC α bond cleavage occurs after proton transfer.
Within the one-step guiding variant of the UW mechanism, the ECD or ETD process occurs as described above except the electron does not have to first attach to a Rydberg orbital and subsequently be extracted by the SS σ* or amide π* orbital. Instead, the Rydberg orbitals act to guide the electron to the SS σ* or amide π* orbital where initial electron attachment then occurs.
B. Peptide Whose Data Can Test and Refine the UW Mechanism. The high degree of backbone and side-chain flexibility that exists in most gas-phase peptides has limited our ability to put the UW mechanism to stringent tests. The problem is that the energetic (e.g., Coulomb and dipole potentials at amide π* and SS σ* orbitals) and geometric (e.g., interatomic distances) data required to implement the UW model vary widely as a flexible peptide undergoes thermal motion. However, the peptides (AcCA N K+H) 2 2+ are believed to be more geometrically constrained because they consist of a central cystine unit containing a disulfide bond that connects to the N-termini of two α-helices composed of N alanines with each helix having a protonated lysine at its C-terminus. By combining experimental data on the ECD fragmentation of such peptides with our computational data on similar species, in this paper, we show evidence that supports the one-step variant of the UW model.
To illustrate some of the structural features important to this study, in Figure 1 we show two views of an N = 20 peptide that is similar to (AcCA N K+H) 2 2+ but contains a slightly different disulfide linkage; we refer to this peptide as (H-LysAla 20 -S) 2 2+ . The techniques used to obtain this structure are detailed in section 2 of this paper. In both views, the right portion of the figure is cut off so we can focus on the left half; no information is lost because the structure has symmetry around the S−S bond site.
The top of Figure 1 shows the minimum-energy geometry including the disulfide linkage and the lowest-energy Rydberg orbital on the −NH 3 + group of the left Lys site. This view is intended to show that the Ala N units adopt α-helical structures and that the Lys unit is involved in hydrogen bonds but not to the CO groups nearest the C-termini. The bottom Figure 1 focuses on the C-terminus of the left helix and on its charged Lys site, the terminal COOH, and the CO units close to the Lys. In this view the H atoms are not shown so that distances from the charged Lys' N atom to several nearby carbonyl O and C atoms can be illustrated as these distances play important roles in estimating the Coulomb potential at the backbone amide sites.
C. Electrostatic Potential within the Peptide. The electrostatic potential at various locations within these (HLysAla N -S) 2 2+ polypeptides (e.g., near backbone amide π* or SS σ* orbitals) has been shown to consist of two dominant contributions. First, there are Coulomb potentials
generated by the two charged Lys sites. This potential at any amide π* or disulfide σ* orbital depends on the distances R 1 and R 2 from the two charged sites to that orbital. The second potential is the dipole potential arising from the polarity of the backbone amine and carbonyl groups forming peptide bonds. Others have shown 46, 47 that the dipole moment of Ala N α-helices can be accurately represented by an array of q = +1/2 charges located near each backbone N atom and q = −1/2 charges located near each backbone carbonyl O atom. This collection of partial charges can also be represented by a quasi-linear array of +1/2 and −1/2 charges along the α-helix's symmetry axis with the partial charges spaced by 1.5 Å. Each such pair of +1/2 and −1/2 charges produces a dipole moment of 3.5 D. In Figure 2 , we show the +1 Lys charge and the +1/2 and −1/2 fractional (±q) charges on several atoms on the left α-helix of the N = 20 peptide. Notice that, because the Ala N helices are connected at their N-termini to the disulfide linkage, the positive end of each Ala N helix's dipole moment is directed toward the SS bond; the negative end of each dipole points toward the Lys unit. This orientation is important to emphasize because, as we show later, it plays a key role in stabilizing the SS σ* orbital while destabilizing Rydberg orbitals on the Lys site.
Also, in Figure 2 we show how we estimate distances (i) from the midpoint of the SS bond to the nearest positive partial charge (3.5 Å), (ii) along the helix axis from one positive partial charge to the next (1.5 Å), and (iii) from the midpoint of the SS bond to the farthest positive partial charge (32 Å for the N = 20 peptide). Finally, notice that each of the +q/−q dipoles located along the backbones of the α-helices has its positive end directed toward the SS bond.
Clearly, the structural rigidity of the (H-LysAla N -S) 2
2+
systems, combined with knowledge of how to describe the internal electrostatic potential with reasonable accuracy makes these peptides excellent candidates for further testing the UW model's predictions. After discussing our computational methods in section 2, section 3 shows results of using geometry data and internal electrostatic potential estimates that allow us to use the experimentally observed disulfide and N−C α bond cleavage intensities on (AcCA N K+H) 2 2+ to further refine the UW model. The refinements thus arrived at are summarized in section 4.
METHODS
The geometry optimization of the (H-LysAla 20 -S) 2 2+ peptide was undertaken using the PM6 semiempirical method. 48, 49 The resulting optimized structure shown in Figure 1 , is similar to that found earlier by Hudgins et al. 50 for (AcCA 15 K+H) 2 2+ and, through molecular modeling and ion-mobility studies, by Hudgins and Jarrold 51 for AcA N LysH + for N > 6 and for noncovalently linked (AcA 19 LysH) 2 2+ (see Figure 8b in ref 51). The similarity among these structures arises in that they all have Ala-based α-helices, their C-terminal protonated Lys units bend backward to form hydrogen bonds with nearby CO groups, and the two α-helices are aligned in a near-linear orientation. However, it is important to notice (see Figure 1 as well as Figure 6a ,b of ref 51) that the protonated Lys units are hydrogen bonded not to the most C-terminal Ala's CO groups but to CO groups several Ala units from the Cterminus. It is also useful to note that the ion mobility data of ref 51 suggest that the quasi-linear structure (rather than containing antiparallel helices or more disordered) is energetically favored. Of course, the ion mobility experiments cannot distinguish among structures that differ only in how the charged Lys site is hydrogen bonded to the α-helix's CO groups. The structure shown in Figure 1 is predicted to have the lowest energy, but other structures with the Lys hydrogen bonded to different nearby CO units may have energies that could be accessed in the laboratory formation of the parent ions. Therefore, an ensemble of kinetically trapped (because the ionic hydrogen bonds connecting the charged Lys to nearby CO groups structures are quite strong) structures having the charged Lys hydrogen bonded to any of the CO groups labeled 1 through 8 in Figure 1 could exist in the experimental samples whose ECD data are discussed here. Nevertheless, we feel confident in using the system depicted in Figure 1 as representative of the ECD experiments on (AcCA N K+H) 2
2+
while also taking into consideration the possibility that the charged Lys need not be hydrogen bonded only to the CO sites labeled 7 and 8 in Figure 1 .
For describing the Rydberg orbitals, extra diffuse functions were added to the nitrogen atoms of both Lys residues. We used six-term even-tempered 52 sp sets that share exponent values with a geometric progression ratio of 3.2, 53 and we started to build up the exponents of these extra diffuse functions from the lowest exponent of the same symmetry included in the 4-31+G basis set 54−58 of nitrogen. As a consequence, we achieved lowest sp exponents of 2.104455354 × 10 −4 . All calculations were performed with the Gaussian09 program. 59 
RESULTS
A. Coulomb and Dipole Potentials along the Peptide Backbone. Earlier, 60 we examined the effects of internal Coulomb and dipole potentials on the SS σ* orbital of the (HLysAla N -S) 2 2+ systems. Here, we extend this analysis to describe how these internal potentials alter the energies of amide π* orbitals and the energies and radial sizes of Rydberg orbitals centered on the charged Lys sites. Both effects play key roles in developing the enhancements to the UW mechanism proposed here.
First, we briefly review our findings relative to the SS σ* orbital. In Figure 3 , we show energy profiles 60 for stretching the central S−S bond in the N = 20 species without and with an electron attached to the SS σ* orbital.
The two curves shown in Figure 3 have been interpreted 60 as follows:
1. It is know from electron scattering experiments 41 that, near the equilibrium bond length of the SS bond, it is ca. 1 eV endothermic to vertically attach an electron to the SS σ* orbital. However, Figure 3 suggests that it is 4 eV exothermic to attach an electron to the SS σ* orbital in our system, so something generates 5 eV of stabilization at the disulfide site. 2. At extended distances where the SS bond is broken, the SS σ*-attached state lies ca. 6 eV below the parent dication. The electron affinity of an aliphatic radical R− S • is expected to be ca. 1 eV, so again the electronattached state is stabilized by ca. 5 eV. 3. The origin of the 5 eV stabilization of the SS σ*-attached state was postulated 60 to be a combination of (i) 0.5 eV of stabilization arising from the Coulomb potential from each of the two protonated Lys sites and (ii) ca. 2 eV of stabilization from dipole interaction with each of the two Ala N helices' dipoles as we now explain. Using the SS-to-Lys distance of 32 Å (Figure 2a) , eq 1 for the Coulomb potential tells us that 14.4/32 = 0.45 eV of and twice 2.06 eV is reasonably close to the 4 eV of stabilization suggested in Figure 3 .
Notice that in eq 2 the distance from the midpoint of the SS bond to the nearest CO centered −1/2 charge (5 Å) is taken to be the same as the distance to the second-nearest NH centered +1/2 charge (5 Å). This does not mean that these CO and NH groups reside at the same point in space. It is simply a reflection of the fact that the α-helical structure aligns the N microdipoles in a manner that causes these distances along the helix's symmetry axis (as well as distances from the SS bond to subsequent CO and NH pairs) to be nearly identical. As a result, the total potential can be well approximated as the interaction of the SS σ* orbital with only the nearest partial charge (i.e., the +1/2 charge on the nearest NH group) 
Also notice that the −1/2 charge on the 20th amino acid's C O group (at R = 32 Å) is counteracted by a +1/2 charge representing the −OH group attached to this same C atom (i.e., at the C-terminal COOH group). B. Internal Electrostatic Potentials on the Protonated Lys Sites Alter the Rydberg Orbitals' Binding Energies and Radial Ranges. As discussed earlier, the charged Lys sites have Rydberg orbitals that are posited in the UW model to initially bind (or guide) the ECD or ETD electron. As we now demonstrate, the electron binding strength of such an orbital is altered by the electrostatic potentials generated by the two α helix dipoles and by the second charged Lys. Getting these binding strengths correct is important because the two-step variant of the UW model requires that they be overcome if an electron is to transfer from such a Rydberg orbital to an amide π* or SS σ* orbital.
Earlier work 61 has shown that a protonated primary amine (e.g., a protonated Lys site) has an electron binding energy of 3.5 eV or more when an electron is attached to its lowestenergy orbital (e.g., the 3s-like orbital shown in Figure 1 ). However, our calculated binding energy for the 3s Rydberg orbital in the full N = 20 (H-LysAla 20 -S) 2 2+ dication is only 1.5 eV. This suggests that the electrostatic potential exerted on this Lys site by the nearby α-helix, the more distant α-helix, and the other charged Lys acts to destabilize this n = 3 Lys Rydberg orbital by ca. 2 eV. It is well-known 62, 63 that complexation or solvation of charged sites can significantly reduce the electron binding energies of associated Rydberg orbitals. However, here, for the first time, we make use of this fact to suggest enhancements to the UW model using the role these binding strengths play to differentiate between the two-step and onestep variants.
The other charged Lys is ca. 64 Å away and acts to stabilize the Rydberg orbital by 14.4/64 = 0.23 eV. The more distant α-helix, if represented by a quasi-linear chain of 20 dipoles as used to arrive at eqs 2 and 3, has as its closest partial charge a −1/2 charge on its S atom ca. 32 Å from the Rydberg orbital. This partial charge representing the more distant α-helix's influence generates a potential of 1/2 × 14.4/32 = 0.23 eV, which acts to destabilize the Rydberg orbital. So, the other Lys charge and the more distant α-helix dipole cancel from which we conclude that the proximal α-helix's electrostatic potential is likely the main source of the ca. 2 eV destabilization of the 3s Rydberg orbital observed in our calculation.
There are two important consequences of the destabilization of the protonated Lys' Rydberg orbitals. First, lowering the electron binding energies of these orbitals means that amide π* or disulfide σ* orbitals do not have to overcome as high an energy barrier to extract an electron in the two-step variant of the UW mechanism. Second, Rydberg orbitals having lower electron binding energies will consequently have larger radial extents that determine the distances over which these orbitals can transfer an electron.
It is conventional to express the electron binding energies (BE) of Rydberg orbitals of a given angular momentum (here we will focus on s orbitals to illustrate) in terms of a principal quantum number n and a so-called quantum defect δ as
Because the n = 3 Rydberg orbital of the destabilized Lys site has a BE of only 1.5 eV, eq 4 gives a quantum defect near zero. This allows us to estimate the BE values for higher Rydberg energy levels by using eq 4 with n > 3 and δ = 0, as shown in Table 1 .
Also shown in Table 1 are the radial ranges characterizing the n = 3 through n = 6 Rydberg orbitals of the destabilized protonated Lys site. The average value ⟨r⟩ of the distance of the electron from the nitrogen nucleus of the Lys is given in terms of n as
and the mean-square displacement about ⟨r⟩, which we use to define the range ⟨r⟩ ± T of the Rydberg orbital, is expressed as In Figure 4 we show plots of the radial electron densities as functions of distance from the Lys nitrogen atom for n = 3 through n = 6 Rydberg orbitals having the BEs and radial extents given in Table 1 .
In Figure 5 , we show the left half of the (H-LysAla 20 -S) 2
2+
system below which we indicate the ranges of the n = 3 through n = 6 Rydberg orbitals.
C. Electrostatic Potentials Also Determine Amide π* Orbitals' Binding Energies. Above the internal electrostatic potential of (H-LysAla 20 -S) 2 2+ was shown to stabilize the disulfide σ* orbital by ca. 5 eV and to destabilize the n = 3 Rydberg orbital on each protonated Lys by ca. 2 eV. In the Supporting Information, we make use of analogs of eqs 1 and 2 to describe the Coulomb and dipole potentials near amide π* orbitals along the backbone. There, we show that the total Coulomb plus dipole potential experienced at the kth amide π* orbital (with k = 1 corresponding to the site closest to the SS) consists of a stabilizing Coulomb term (see eq S3) and a destabilizing dipole term (see eq S4). In Table 2 , we summarize these two contributions for R values of 18, 24, and 32 (corresponding to N = 10, 15, and 20) and for k = 1 and for k corresponding to the middle of the right α-helix.
The main observations to make about how these potentials vary with R and with k are as follows:
1. For small values of k (i.e., near the disulfide linkage), the total potential is repulsive, suggesting that amide π* orbitals in this region are not able to attach an ECD or ETD electron because a stabilizing potential in excess of 2.0 eV is needed to allow attachment.
2. Moving toward the C-terminus in the α-helix as k increases, the total potential becomes attractive, but even at the midpoint, it does not reach the critical 2.0 eV. 3. Therefore, the trends displayed in Table 2 suggest that amide π* orbitals of (H-LysAla N -S) 2 2+ are not sufficiently (i.e., >2.0 eV) stabilized to bind an electron except when the orbital is near a charged Lys site, which is where the Coulomb potential dominates. D. Connections among Electrostatic Potentials at SS and Amide Sites, Rydberg Orbitals' Radial Ranges, and ECD Fragment-Ion Abundances. a. Data Favoring the One-Step UW Variant. As described in Scheme 1, cleavage of an N−C α bond gives rise to fragments denoted c and z. Because the (AcCA N K+H) 2 2+ parent ions are doubly charged, the fragment c or z ions will be singly charged. Moreover, when N− C α bonds near one of the Lys sites are cleaved, the proton that eventually transfers to form the closed-shell c and open-shell z fragments (Scheme 1) most likely is extracted from this nearby charged Lys site. For this reason, the c fragments are produced as singly charged ions and the z fragments as neutrals. So, electron attachment to the C-terminal amide π* orbital of site 1 in Figure 1 followed by N−C α bond cleavage would produce fragment ions denoted c N+1 if the peptide contains N Alas. Attachment to sites 2 through 4 produces c N , c N−1 , and c N−2 , and so on.
To distinguish between the one-and two-step variants, we recall that the UW model posits that amide π* orbitals have to be within ca. 7.2 Å of a charged site to be stabilized by 2.0 eV and we note (Figure 4 ) that the n = 3 and n = 4 Rydberg orbitals span such distances. If an amide π* orbital were also required to be able to extract an electron from an n = 3 or n = 4 Rydberg orbital (whose electron binding energies are ca. 1.5 and 0.85 eV, respectively), the amide π* orbital would have to be stabilized in excess of 2.85 eV for n = 4 (3.5 eV for n = 3). This would require the orbital to be within 5 Å for n = 4 (4 Å for n = 3) of a charged site. In Table 3 , we summarize which of the amide π* orbitals lie within 7.2, 5, or 4 Å of a protonated Lys's nitrogen atom according to Figure 1 .
To illustrate how we can use the information in Table 3 to distinguish between the one-and two-step variants, we note that amide sites 1 and 2 (i.e., nearest the C-termini) do not meet the 5 Å criterion. So, if amide π* binding energies in excess of 2.85 eV were necessary, as in the two-step variant of the UW model, we would expect little c N and c N+1 fragment ion abundance, but c N−1 , c N−2 , through c N−6 ions should be present (column 3 of Table 3 ). Let us see what the experimental data tells us.
In Figure 6 we show mass spectra 50 of ions obtained by ECD-induced fragmentation of (AcCA N K+H) 2 2+ for N = 10, 15, and 20 (top to bottom) with ion intensity appearing on the vertical axis and ion mass-to-charge ratio on the horizontal axis. In all three data sets, the c N and c N+1 ions occur and with abundances similar to those of c N−1 and c N−2 ions. These findings are inconsistent with the two-step variant of the UW model if the structural data in Figure 1 are to be believed (recall from our earlier discussion that structures similar to those in Figure 1 , including its hydrogen bonding motif, are consistent with the ion-mobility and molecular modeling data reported in ref 51) . Next, we note that amide sites 1 and 2 do lie within 7.2 Å of the protonated Lys (column 2 of Table 3 ), so they have Coulomb stabilization in excess of 2 eV. This means that sites 1 and 2 are capable of binding an electron even if they are not capable of extracting an electron from an n = 3 or n = 4 Rydberg orbital on the Lys. Hence, the fact that c N and c N+1 ions are formed (and in abundances comparable to those of c N−1 and c N−2 ions) suggests that extracting the electron from the Lys Rydberg orbital is not necessary, thus inclining us toward the one-step variant of the UW model.
The data in Figure 6 also support another aspect of the UW model as applied to the structural data of Figure 1 summarized in Table 3 . The fifth column of Table 3 tells us that only amide sites 7 and 8 have their π* orbitals closer than 3.5 Å to the Lys's nitrogen atom. So, these sites are Coulomb stabilized by more than 4 eV and thus have electron binding energies in excess of 2 eV, which is much more than that necessary to extract an electron from an n = 3 or n = 4 Rydberg orbital. Nevertheless, these sites produce little, if any corresponding c N−5 or c N−6 fragment ions ( Figure 6 ) even though they are closest to the Lys site and are very powerful electron binders. In Figure 4 , we see that the Rydberg orbitals have very little density within ca. 3.5 Å; most of their density resides at larger distances. Within the UW model, this means that the Rydberg orbitals cannot effectively overlap with 64 and thus guide electrons into amide π* orbitals if the amide site is closer than ca. 3.5 Å. So, the absence of fragmentation arising from amide sites 7 and 8 is consistent with this aspect of the UW mechanism and with the structural data in Figure 1 .
However, as noted in section 2, we must also consider the possibility that hydrogen bonding motifs differing from that shown in Figure 1 (where hydrogen bonds to CO groups labeled 7 and 8 are shown) may also be present in the experiment's parent ions even if the structure shown in Figure 1 is lower in energy. For example, the charged Lys might be hydrogen bonded to any of the CO groups labeled 1 through 6. It is therefore useful to examine ECD data also from ref 50 on disulfide linked dimers (AcCA 10 -NH 2 +Na) 2 2+ similar to those whose ECD fragmentation patterns are shown in Figure 6 but with the C-termini amidated. Such ions are thought 65 to have Ala 10 α-helices with the Na + ions bound to the C-terminal −NH 2 sites. For such structures, the locations of the positive charges and the distances to various amide CO groups can more reliably be estimated because the charges do not reside on a flexible Lys side chain. In particular, the charged sites are most likely near where Figure 1 . From Figure 1 , one can estimate the distances from the −NH 2 Na + charged site to the CO groups corresponding to fragments c 11 though c 8 . Although CO site 1 (producing c 11 ) may well be within 4−5 Å of the Na + charge, sites 3 and 4 (producing c 9 and c 8 ) are not. On the other hand, sites 1 through 4 would be within 7.2 Å of the Na + . So, the observation of N−C α bond cleavage from sites 1 through 4 in (AcCA 10 -NH 2 +Na) 2 2+ is more consistent with the one-step variant (which requires proximity of ca. 7.2 Å or less) than with the two-step variant (which requires proximity of ca. 5 Å or less).
To summarize, the one-step variant of the UW mechanism appears to be in line with the experimental data of Figure 6 if the structural data shown in Figure 1 is reliable. In this view, the charged sites can serve to attract the ECD electron (or ETD donor anion), but the electron does not attach to a Rydberg orbital on the charged site. Rather, these Rydberg orbitals act to guide the electron into any amide π* or SS σ* orbital that is sufficiently stabilized. The guiding is generated through the overlap of the Rydberg orbital with the π* or σ* orbital, and the distance between the charged site and the π* or σ* orbital determines which Rydberg orbital does the guiding. Another notable feature of the data sets shown in Figure 6 is that the peak relating to S−S bond cleavage is very intense. This is consistent with the UW model because 1. The SS σ* orbital lies within or very close to the radial range of the n = 6 Rydberg orbitals on either Lys site (Figures 4 and 5 ), so these Rydberg orbitals could guide the ECD electron into the SS σ* orbital. 2. The 4 eV electron binding energy of the SS σ* orbital is much higher than that of any of the amide π* orbitals. This may play a role in determining why the intensity of the fragment ion derived from SS bond cleavage is so much more intense than any of the peaks corresponding to c k ion formation. Unfortunately, these observations do not offer insight into whether the two-step or one-step variant of the UW model is favored because the SS σ* orbital is stabilized by more than enough to allow it to extract an electron from the n = 6 Rydberg orbital within whose radial range it lies. However, if the experiments were carried out using ETD rather than ECD conditions, useful information could be obtained. For example, if a donor anion having an electron binding energy of ca. 0.6 eV were used, and if initial electron attachment to a Rydberg orbital were necessary, then only n = 3 and n = 4 Rydberg orbitals could be populated; n = 5 and n = 6 orbitals could not because their electron binding energies do not exceed that of the donor anion (Table 1 ). Because n = 3 and n = 4 Rydberg orbitals do not have the radial range to transfer an electron from the charged Lys to the SS σ* orbital (at least for (AcCA 20 K+H) 2 2+ and probably for (AcCA 15 K+H) 2
), no SS fragmentation should occur. On the other hand, if initial electron attachment to a Rydberg orbital is not necessary, the n = 6 Rydberg orbitals could still act to guide the ETD electron into the (stabilized) SS σ* orbital (whose electron binding energy exceeds that of the donor) and thus cause SS bond cleavage. We therefore suggest that such ETD experiments on (AcCA N K+H) 2 2+ ions be carried out.
SUMMARY
The four new conclusions reached in this paper are the following: 1. If an amide π* orbital had to be stabilized in excess of 2.0 eV by an amount needed to extract an electron from an n = 3 or n = 4 Rydberg orbital (ca. 1.5 or 0.85 eV), it would have to reside within ca. 5 or 4 Å of a charged site. The experimental c k fragment ion abundance data do not suggest that this is the case, which argues in favor of the Rydberg orbitals serving to guide the electron to the amide π* orbitals rather than requiring extraction of the electron. 2. The electrostatic potentials act to destabilize by ca. 2 eV (and radially extend) the Rydberg orbitals on the two charged Lys sites of (H-LysAla 20 -S) 2 2+ ; this alters the distances over which these orbitals can guide an ECD or ETD electron. 3. Backbone amide π* orbitals near the disulfide bond are destabilized, but, as one moves toward either charged Lys site, the π* orbitals become stabilized (mainly through the Coulomb potential from the nearest charged Lys). 4. The Coulomb stabilization of amide π* orbitals near a Cterminus is not a simple function of the distance this orbital is from the C-terminus because the protonated Lys is involved in hydrogen bonds to carbonyl O atoms several residues from that closest to the C-terminus. Conclusions summarized below derived from earlier work on the UW model include:
5. Coulomb and dipole potentials produce strong stabilization (>5 eV for (H-LysAla 20 -S) 2
2+
) at the disulfide bond site, with eqs S3 and S4 providing a way to estimate these two potentials. For species containing α-helices (or other strongly dipolar units), the dipole potentials can contribute substantially to the stabilization. Coulomb stabilization is always present for positively charged parent ions. 6. Because electron attachment to amide π* orbitals requires at least 2.0 eV of stabilization, such orbitals must reside within ca. 7.2 Å of a charged Lys site to generate c K fragment ions. Finally, we also suggested experiments (i.e., ETD on (AcCA N K+H) 2 2+ looking for SS bond cleavage) whose data could allow us to even further improve the UW model.
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